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Two-photon interference and Hong-Ou-Mandel (HOM) effect are relevant tools for quantum
metrology and quantum information processing. In optical coherence tomography, HOM effect is
exploited to achieve high-resolution measurements with the width of the HOM dip being the main
parameter. On the other hand, applications like dense coding require high-visibility performances.
Here we address high-order dispersion effects in two-photon interference and study, theoretically
and experimentally, the dependence of the visibility and the width of the HOM dip on both the
pump spectrum and the downconverted photon spectrum. In particular, a spatial light modulator
is exploited to experimentally introduce and manipulate a custom phase function to simulate the
high-order dispersion effects.
PACS numbers: 42.50.Ct, 42.50.Dv
I. INTRODUCTION
Two-photon interference (TPI) and in particular the
the Hong-Ou-Mandel (HOM) [1] effect are relevant tools
in photonic quantum technology. The HOM dip plays a
central role in dense and superdense coding, since it al-
lows to identify two of the four Bell states [2, 3]. Here
the crucial parameter is the visibility of the HOM dip:
the higher the visibility, the higher the mutual informa-
tion [4, 5]. TPI have found applications also in quantum
metrology, where frequency entangled states of photons
produced by downconversion (PDC) represent a resource
for clock synchronization [6] and optical coherence to-
mography [7]. However, the need to improve the resolu-
tion performances while using low-coherence interference
leads to a halt: if one increases resolution widening the
spectrum, the effect of dispersive media all along the path
gets larger, thus preventing any further improvement [8].
Nevertheless, since the width of the HOM dip is not af-
fected by dispersive media [9], TPI represents a promising
candidate to face the resolution puzzle [17, 18]: the so-
called Quantum Optical Coherence Tomography [10, 11]
represents an interferometric technique for axial imaging
offering several advantages over conventional methods.
This feature of the HOM effect, i.e. the independence
of the dip width on dispersion, however, holds only if the
pump laser is nearly monochromatic. When a broadband
source is used to produce frequency entangled photons,
the HOM dip becomes sensitive to even order dispersions
[12], and both width and visibility are degraded.
In view of its relevance for quantum technology [9, 13],
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theoretical [14–16] and experimental [17–20] studies have
been performed to characterize TPI and the HOM dip.
However, a full analysis of both the visibility and the
width of the HOM dip as a function of the pump spec-
trum and of the PDC spectrum is still missing.
The dispersive effects on the propagating photons can
be described by a suitable phase function: this is the
main topic of the present paper. In particular, we develop
an experimental apparatus to introduce and manipulate
a custom phase function with a spatial light modulator,
as well as to work with different pump and PDC spec-
trum. As a matter of fact, we can simulate high-order
dispersive effects of different transmission channels by
exploiting the same setup. Indeed, we have performed
a complete theoretical and experimental study of how
the HOM effect is affected by the presence of second and
third order dispersions, together with a direct compar-
ison between theoretical and experimental results. The
same setup can be used to compensate this kind of effect,
paving the way for optimization in quantum technological
applications involving PDC photons and optical fibers.
The paper is structured as follows. In Section II we re-
view the description of frequency entangled photons ob-
tained by PDC and provide the basic principles of two-
photon interference in dispersive media. In Section III
we describe in some details our experimental apparatus,
whereas Section IV is devoted to the experimental re-
sults. We discuss our findings in Section V and close the
paper with some concluding remarks in Section VI.
II. TWO-PHOTON INTERFERENCE
The HOM effect occurs in TPI when two frequency-
entangled photons generated by PDC interfere at a beam
splitter (BS). In order to describe the TPI process after
the propagation in dispersive media, we need to introduce
the two-photon state produced via PDC and traveling
from the source to the BS. In the presence of a broadband
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2source laser the quantum state of the two photons, i.e.
the signal “s” and the idler “i” photons, which interfere
at the BS, is given by (see, e.g., [24]):
|Φ〉 =
∫∫
dωp dω A(ωp) f(ω)
× eiφs(ωp,ω)+iφi(ωp,−ω)|ωp, ω〉s|ωp,−ω〉i, (1)
where ωp and ω are the frequency shifts from the cen-
tral pump and the central PDC frequencies, respectively,
whereas A(ωp) and f(ω) are the pump and the PDC
spectral amplitudes, respectively. In Eq. (1) we intro-
duced the two phase functions φs(ωp, ω) ≡ φs(ωs) and
φi(ωp, ω) ≡ φi(ωi) denoting the phase functions induced
by the propagation of the signal and the idler photon
with frequencies ωs =
(ωp
2 + ω
)
and ωi =
(ωp
2 − ω
)
, re-
spectively. Since, in general, ωp  ω, the effects of the
broadband pump on f(ω) are negligible.
The phase functions are responsible for high-order ef-
fects on the propagation of state. In order to enlighten
the different contributions, we expand φx(ωx) up to the
third order in ωx, x = s, i, namely:
φx(ωx) ≈
3∑
k=0
1
k!
∂n
∂ωnx
φx(0)ω
n
x (2)
≈ β(0)x + β(1)x ωx +
β
(2)
x
2!
ω2x +
β
(3)
x
3!
ω3x, (3)
where β
(k)
x = ∂nωxφx(0). Each coefficient β
(k)
x of the ex-
pansion plays a well defined role in the photon propa-
gation (in our analysis we do not consider the constant
phase β
(0)
x since, as we will see, it will not contribute
to the quantities of interest considered throughout the
rest of the paper). The first order coefficient β
(1)
x repre-
sents the “time” spent by the photons to reach the BS
and is related to the group velocity. The second order
coefficient β
(2)
x refers to the group velocity dispersion ex-
perienced by both photons and it is due to the presence
of dispersive media. Finally, the third order dispersion
coefficient β
(3)
x , though it has usually a small impact in
common materials, may have a huge effect when using
very long optical fibers.
In each path, then, the two photons can experience
a different dispersion, which may largely affect the TPI
process and the occurrence of the HOM effect. More in
details, if we introduce the “delay time” τ = β
(1)
s − β(1)i ,
the probability of having coincident counts after the BS
as a function τ reads:
P (τ) =
∫∫
dωp dω |A(ωp)|2
∣∣∣∣Tf(ω)ei[φs(ωp,ω)+φi(ωp,−ω)]
−Rf(−ω)ei[φs(ωp,−ω)+φi(ωp,ω)]
∣∣∣∣2, (4)
where T and R are the transmission and reflection coef-
ficients of the beam splitter.
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FIG. 1: Schematic diagram of our the two-photon inter-
ference apparatus. From left to right, the pump laser @
405.5 nm (blue arrow) enters the BBO crystal and is down-
converted. PDC photons are collected with couplers (Cs, Ci).
The idler photon travels until the BS entirely through the
fiber (SMF). The signal photon travels also through the 4F
optical system before entering again the fiber and reaching the
BS. Two single photon detectors, with a Time-to-Amplitude
Converter/Single-Channel Analyzer (TAC/SCA) system, de-
tect the coincident counts (CC) at the two BS outputs. The
shadowed region on the left, represents an IR laser beam that
a lens (L) focalizes in the BBO position in order to perform
an interference test. The See the text for details.
In the following we will show how we can experimen-
tally manipulate and control the different contributions
described above and, in particular, we will investigate
their effects on the HOM dip and visibility.
III. EXPERIMENTAL APPARATUS
In Fig. 1 we show a schematic diagram of the exper-
imental apparatus. The two frequency-entangled pho-
ton state is generated with a pump laser @ 405.5 nm
by using a BBO crystal (1 mm thick). The signal and
idler photons are then collected by two fiber couplers and
sent into single spatial mode and polarization preserving
fibers (SMF). A 1 mm thick crystal is enough to cou-
ple the maximum amounts of PDC radiation with our
fiber couplers (Cs and Ci), as the interaction length in-
side the crystal between the pump and the fiber mode is
slightly lower than 1 mm [21]. The residual of the pump
reaches a homemade high-resolution spectrometer (not
shown in the figure). The possibility to stabilize the laser
to different temperatures allows to keep the same central
wavelength while changing the current (and, thus, the
laser power) and also to perform two-photon interference
measurements with different pump laser widths (70 mA
and 150 mA to have a narrower and broader pump re-
spectively). When the idler photon enters the coupler
Ci, it travels entirely through the fiber towards the BS.
Conversely, the signal photon, after a short fiber, enters
a 4F system [23], i.e. propagates in the air, through few
optical devices (the couplers C1 and C2, the gratings G1
and G2 and lens L1 and L2) and a spatial light modulator
(SLM). At the end of the 4F system the signal photon is
again coupled to a fiber and finally reaches the BS, where
it interferes with the idler.
The SLM is a 1D liquid crystal mask (640 pixels,
3100 µm/pixel) and is placed on the Fourier plane be-
tween the two lenses L1 and L2 of the 4F system (see
Fig. 1). The SLM can be used to introduce and control a
phase function φM(ωp, ω) on the signal photon. The pos-
sibility to choose at will φM(ωp, ω) allows us to achieve
several goals (even at the same time): 1) to introduce
from second to high-order dispersion effects on the HOM
dip; 2) to perform a delay-time scan of the coincidence
counts rate, avoiding any mechanical stress on the appa-
ratus (this method to perform a delay scan is crucial for
the stability of the 4F coupling efficiency); 3) to compen-
sate any dispersion effects introduced by the fibers and
the 4F system.
As a matter of fact, also the presence of the 4F optical
system on the signal path introduces a phase function
φ4F(ωp, ω) and, in particular, due to small shifts of the
grating positions with respect to the optimal ones, it in-
troduces second [22] and third order dispersions on its
own.
Finally, the signal and idler optical fibers lead to the
further phase functions φf,s(ωp, ω) and φf,i(ωp, ω), respec-
tively.
Taking into account all the mentioned contributions,
we have:
φs(ωp, ω) = φf,s(ωp, ω) + φ4F(ωp, ω) + φM(ωp, ω), (5a)
φi(ωp, ω) = φf,i(ωp, ω), (5b)
and we can rewrite Eq. (4) as:
P (τ) =
∫∫
dωp dω |A(ωp)|2
{
T 2f(ω)2 +R2f(−ω)2
− 2RT <e
[
f(ω)f(−ω) eiφtot(ωp,ω)
]}
, (6)
≈
∫∫
dωp dω |A(ωp)|2
{
T 2f(ω)2 +R2f(−ω)2
− 2RT <e
[
f(ω)f(−ω)
× ei2ωτ+iφ(2)tot(ωp,ω)+iφ(3)tot(ωp,ω)
]}
, (7)
where φtot(ωp, ω) = φs(ωp, ω)−φs(ωp,−ω)+φi(ωp,−ω)−
φi(ωp, ω), and the total second and third order dispersion
terms are (note that, as mentioned, the zero order terms
cancel out):
φ
(2)
tot(ωp, ω) = β
(2)
tot ωp ω, (8)
φ
(3)
tot(ωp, ω) =
1
4
β
(3)
tot ωp
2 ω +
1
3
β
(3)
tot ω
3, (9)
respectively, with:
β
(k)
tot = β
(k)
f + β
(k)
4F + β
(k)
M (k = 2, 3). (10)
According to our formalism, the quantities appearing at
the RHS of the last equation refer to the k-th order dis-
persion coefficients due to the fibers (f), to the 4F sys-
tem (4F) and to the SLM (M). It is worth noting that
β
(k)
f = d
(k)
f ∆L, where d
(k)
f is the k-th order dispersion
of the fiber and ∆L is the length difference between the
signal and idler optical fiber.
It is straightforward to see that in the presence of an
almost monochromatic pump, i.e., ωp ≈ 0, the only rele-
vant dispersion effect comes from the second term of the
RHS in Eq. (9), that is the second order dispersion does
not affect the HOM dip shape.
The presence of several optical components in the ap-
paratus leads to an overall loss in purity of the polariza-
tion quantum state of the photons. In order to assess the
purity, we performed an interferometric measurement:
after a strong filtering with neutral density filters, we
focus a 811 nm laser in the BBO position and couple
the radiation of the resulting divergent beam with the
fibers. Then we obtain a Mach-Zehnder interferometer
where the action of focusing plays the role of the first
BS. Counts are then balanced by carefully positioning
the focusing lens: this is crucial in order to have the same
amount of direct counts on both paths, thus maximizing
the interferogram visibility.
If θ is the polarization mismatching between the two
beams reaching the BS, the visibility of the interferogram
is given by VI = | cos θ|. It is now straightforward to show
that the visibility of the HOM dip VH is directly linked
to the interferogram visibility by
VH =
RT V 2I
1− 2RT −RT V 2I
. (11)
In our experiment the measured visibility is (95.6±0.5)%,
corresponding to a mismatching angle of θ = (17.2±0.9)◦
and a purity factor p = cos2 θ ≈ 91%. Since, given p, the
coincidence counts probability becomes:
Ptot(τ) = P (τ) p+
1
2
(1− p), (12)
then the maximum dip visibility we can achieve with the
measured T = 0.467, R = 0.533 and a symmetric PDC
spectrum, i.e. f(ω) = f(−ω), turns out to be (82± 2)%.
In Fig. 2 we show the pump and PDC spectra we
used during our measurements. On the pump side, in
Fig. 2(a) one can see the difference in the pump spec-
trum width between two different current settings: the
narrower spectrum (∆p ≈ 0.5 nm) corresponds to a cur-
rent of 70 mA, while a current of 150 mA leads to a
broader spectrum (∆p ≈ 1 nm). We measured the pump
spectrum with a homemade spectrometer as follows. We
collected the residual of the pump light with a fiber and
delivered it towards a collimating lens. Then, a grating
(3600 l/mm) divides the collimated beam into its spec-
tral components. These are then focused with a 300 mm
lens onto the sensor of a CMOS camera placed on the
Fourier plane.
Figure 2(b) shows the PDC spectrum. We can choose
the nominal spectrum (∆PDC = 20 nm) or the “cut”
spectrum (∆PDC = 10 nm) with a slit placed on the
Fourier plane of the 4F system. We measured PDC spec-
4(b)(a)  PDC = 10 nm
 PDC = 20 nm
 p ⇡ 1.0 nm
 p ⇡ 0.5 nm
FIG. 2: Pump and PDC spectra. Panel (a): measured pump
spectrum shift about the central wavelength of 405.5 nm, with
70 mA (spectrum width ∆p ≈ 1.0 nm) and 150 mA (spectrum
width ∆p ≈ 0.5 nm) current. Panel (b): PDC spectrum
data points and curve fit, with a slit on the Fourier plane
(spectrum width ∆PDC = 10 nm) and without it (spectrum
width ∆PDC = 20 nm).
tra with a 2 mm slit on the Fourier plane of the 4F sys-
tem. We calibrated the slit using a graduated reference
on the Fourier plane: we found the 811 nm component
position for the slit, we measured a dispersion coefficient
of 3.62 nm for a 2 mm slit displacement and finally, in or-
der to measure the spectrum, for each slit position (and
therefore for each wavelength) we recorded coincidence
counts from the detectors.
As mentioned above, one usually desires to have sym-
metric PDC spectra. However, Fig. 2(b) shows that we
used a non symmetric signal photon spectrum. It is
worth noting that our apparatus allows us to center the
PDC spectra on 811 nm: this is possible by transver-
sally moving a mirror that delivers the pump inside the
BBO crystal. In this way we make the pump axis (that
is the PDC cone axis) be at the exactly same distance
from both fiber couplers. However, we found that the 4F
system introduced an asymmetric cut on the PDC spec-
trum tails, that is translated in an antisymmetric cut on
the idler photon spectrum. This makes the two photons
distinguishable and the visibility worsen. The spectrum
we report in Fig. 2(b) correspond to the spectrum giving
the highest visibility possible in our configuration: the
peaks are not superimposed at 811 nm but the tails are.
Overall, this makes the two photons less distinguishable
than the situation where the tails are not superimposed.
IV. EXPERIMENTAL RESULTS
A slit placed under one of the fiber couplers is used to
match signal and idler paths. The SLM delay-time scan
method allows us to match the two paths with an error
of less than 1 µm. A range of several picoseconds can be
covered with an SLM delay-time scan. Therefore, before
measuring, signal and idler paths were always perfectly
matched. In Fig. 3, we report some measured dip profiles
(points) together with the corresponding theoretical pre-
dictions (lines). It is worth noting that the predictions
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FIG. 3: The HOM dip in the presence of second and third
order dispersion. In panels (a1), (a2), and (a3) we show the
dip profiles for three different second order dispersion val-
ues, from the lower to the higher dip we set β
(2)
tot = 0 fs
2
(red dotted line and rhombus for theoretical prevision and
data points, respectively), 17.6 × 103 fs2 (blue dashed line
and empty circles), 35.2 × 103 fs2 (black solid line and filled
circles). In panels (b1), (b2), and (b3) we show the dip pro-
files for three different third order dispersion values, from the
lower to the higher dip we set β
(3)
tot = 0 fs
3 (red dotted line
and rhombus), 17.6 × 104 fs3 (blue dashed line and empty
circles), 35.2×104 fs3 (black solid line and filled circles). The
corresponding values of ∆p and ∆PDC of the pump and PDC
spectrum widths are reported in the panels. All solid lines
are theoretical predictions obtained from Eq. (12).
are obtained from Eq. (12) and from the experimental
spectra of Fig. 2 without any fitting parameter. The
experimental data are normalized using the mean value
at high delay time (i.e., outside the HOM dip). The
time windows for the counts acquisition for each point
are 2 s and 2.5 s, respectively, for the cases at 150 mA
and 70 mA.
Each line in Fig. 3 corresponds to a different config-
uration. On the left column, we show three different
profiles related to three different values of the second or-
der dispersion coefficient; on the right column, we re-
5port the profiles for three different values of the third
order dispersion coefficient. In the top panels, (a1) and
(b1), we have results for the broader pump spectrum
(1 nm) and normal PDC spectrum (20 nm) (from now
on we refer to these values as to configuration S1). We
found a huge dependence on second and third order dis-
persion: the dip visibility decreases and its width in-
creases, with increasing dispersion. In the panels (a2)
and (b2), we show results for the case of the narrower
pump spectrum (∆p ≈ 0.5 nm) and normal PDC spec-
trum (∆PDC = 20 nm, configuration S2). In this case,
the dependence of the dip shape on the second order
dispersion is significantly weaker, while the dependency
on the third order dispersion remains the same of the
previous case. This is in agreement with the fact that
two-photon interference is affected by second order dis-
persion only if the pump is not monochromatic, while it
is always affected by third order dispersion (and all odd
orders, including the first order).
In the above cases, one may quantify the effects of
the third order dispersion on the HOM dip by looking
at the visibility. On the bottom line of Fig. 3, panels
(a3) and (b3), we have the case of the broader pump
spectrum (∆p ≈ 1.0 nm) and the cut PDC spectrum
(∆PDC = 10 nm, configuration S3). While we still have a
visible dependence on the second order dispersion, the de-
pendence on the third order dispersion disappears. The
width of the compensated dip, here, is much larger than
in the cases above. This comes directly from Eq. (7). A
peculiar behaviour can be seen here: symmetric oscilla-
tion appear on the dip, caused by the clean cut of the
PDC spectrum.
V. DISCUSSION
As we mentioned in the introduction, by a suitable
choice of the phase function we can simulate the high or-
der dispersion effects of a particular transmission chan-
nel. In particualr, the values of the second and third
order contribution we used in our experiment are related
to those obtained in current optical fibers. For instance,
a dispersion of 30 × 103 fs2 is induced by a fused silica
fiber ≈ 850 mm long (d(2)f ≈ 35 fs2/mm). For a third or-
der dispersion of 300×103 fs3, on the other hand, ≈ 11 m
of fiber are needed (d
(3)
f ≈ 30 fs3/mm) or, for example,
35 cm of ZnSe (d
(3)
f = 870 fs
3/mm). It is worth noting
that these lengths are quite small compared to those to
be used in telecommunications. For this reason the full
comprehension of these dispersion effects on the HOM
dip becomes a fundamental a prerequisite.
In Fig. 4 we summarize our main results: we can see
the behaviour of the dip visibility and full width at half
maximum (FWHM) as a function of second and third
order dispersions. The visibility and the FWHM are
defined with respect to the normalized value and are
obtained by using suitable fitting functions. Each plot
(b1)
(b2)
b(3)(fs3x103)
b(3)(fs3x103)
(a1)
(a2)
b(2)(fs2x103)
b(2)(fs2x103)
FIG. 4: Visibility and FWHM of the HOM dip as a function
of β
(2)
tot and β
(3)
tot for different pump and PDC spectra: PDC
∆PDC = 10 nm and ∆p = 1.0 nm (solid lines); Dotted line:
∆PDC = 20 nm and ∆p = 1.0 nm (dotted); ∆PDC = 20 nm
and ∆p = 0.5 nm (dashed lines).
reports the results for the three different experimental
configurations introduce above: dotted red line for S1,
dashed blue line for S2 and solid black line for S3. In
panel (a1), on the upper left, we see how visibility de-
creases as the the second order dispersion increases. This
worsening gets less sharp if we cut down either the PDC
spectrum (S3) or the pump spectrum (S2). In panel (a2),
on the lower left, we see how the dip FWHM increases
(the dip gets broader) when the second order dispersion
coefficient increases. As already mentioned above, with-
out dispersion the dip FWHM in S3 is larger than in S1
and S2. In both S2 and S3, the FWHM is much less
sensitive to the second order dispersion compared to the
case of broad pump and PDC spectra.
In Fig. 4(b1) and (b2), on the right, we studied again
the changes in the dip visibility and FWHM as a function
of the third order dispersion. We can see how the cut
of the PDC spectrum keeps frozen the dip parameters,
making them insensitive to any third order dispersion
coefficient. However, we can also clearly see that the
visibility and the FWHM do not depend on the pump
spectrum.
VI. CONCLUSONS
In this paper we have designed and developed an ex-
perimental setup to simulate second and third order dis-
persion effects on the propagation of PDC photons. By
using our innovative apparatus, which is able to introduce
and manipulate a custom phase function with a SLM, we
6have analyzed high-order dispersion effects in two-photon
interference. In particular, we have studied theoretically
and experimentally, the dependence of both the visibil-
ity and the width of the HOM dip on both the pump
spectrum and on the downconverted photon spectrum.
Though we have mostly used our system to introduce
high-order dispersion effects in the propagation of the
states, the same setup can be used to compensate such
effect. Therefore, on the one hand, our results clarify the
role of the different dispersion coefficients and, on the
other hand, pave the way for optimization procedures
in communications protocols and other applications in
quantum technology involving PDC photons and optical
fibers.
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